Summary. The effect of fl-adrenergic stimulation on insulin binding was studied in human fat cells in vitro. Isoproterenol rapidly (~ 5 min) reduced insulin binding through a fl-adrenergic and dose-dependent mechanism. The reduced binding was enhanced by the addition of adenosine deaminase and was also elicited by the addition of dibutyryl cAMP. This effect was due to a decreased number of binding sites. The reduction was rapidly reversed by propranolol (t 89 and other fl-adrenoreceptor blocking agents. Insulin binding was also measured in fat cells from 6 patients with a phaeochromocytoma. A significant negative correlation between tracer binding and the log value of total urinary catecholamine excretion was found (r= -0.821, p< 0.05). Mean tracer insulin binding was reduced about 30% as compared to cells from 16 carefully matched control subjects. Decreased insulin binding was again mainly attributable to a decreased number of binding sites. Thus, fl-adrenergic stimulation, both in vitro and in vivo, leads to a decreased number of binding sites for insulin in human fat cells.
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It is well known that infusion of catecholamines rapidly leads to a marked peripheral insulin resistance [1, 2] . We have recently found that this is due to both a marked reduction of the maximal effect of insulin on peripheral glucose uptake combined with a rightward shift in the dose-response curve [3] . These findings strongly suggest that catecholamines produce insulin resistance by exerting effects at both the receptor and postreceptor level. Due to the presence of spare receptors, a moderate reduction of the number of insulin binding sites only leads to a rightward shift in the dose-response curve without reducing the maximal effect of insulin (reduced sensitivity) whereas a reduced response in the presence of a supramaximal hormone concentration is attributed to postreceptor perturbations [4, 5] .
Recently, we and others independently reported that fl-adrenergic stimulation leads to a rapid reduction of insulin binding to rat adipocytes [6] [7] [8] . In addition, catecholamines were found to induce a marked inhibition of insulin-stimulated glucose transport in these cells [8] [9] [10] [11] . The time course of both events is similar, suggesting that they may be elicited by the same mechanism [11] . These findings are likely to be of major importance for the well-known reduction of glucose tolerance seen in different clinical conditions with elevated catecholamine levels such as surgical stress, trauma and phaeochromocytoma.
In the present work, the effect of catecholamines on insulin binding to human fat cells in vitro was studied. In addition, insulin binding to fat cells from patients with a phaeochromocytoma was investigated and compared to that of a carefully matched control group.
Subjects and methods
For the studies of the effect of catecholamines added in vitro, 2-5 g biopsies of subcutaneous adipose tissue were obtained from the abdominal wall of 11 patients undergoing elective surgery for cholelithiasis. Patients were fasted overnight and initially given saline infusion during the operation. Biopsies were taken immediately after the induction of anaesthesia. None of the patients had clinical or laboratory findings of diabetes mellitus, ictems, liver disease or malignancy.
Adipose tissue biopsies were also obtained from six patients with a phaeochromocytoma (Table 1) . Diagnosis was based on characteristic clinical findings, elevated catecholamine excretion in the urine and histological examination of excised tumours. Three patients clearly had preoperatively elevated fasting glucose levels (patients 2, 3, 5; Table 1 ). All but one patient, who probably had a malignant phaeochromocytoma (patient 2), had reduced fasting glucose levels after the tumour had been removed. Fasting insulin levels in four patients treated with phenoxybenzamine were 10_+ 2 mU/1 before and 12 _+ 3 mU/1 after operation (means + SEM). Urinary excretion of adrenaline, noradrenaline and vanillylmandelic acid (VMA) was followed prior to surgery for 4-11 days in each patient. As shown in Table 1 , the daily variation in urinary excretion was relatively small. Thus, mean values are considered representative for the catecholamine excretion. All patients were treated with an a-blocking agent, phenoxybenzamine 20 mg • 3-4, for at least 2 weeks before surgery. One patient Isolated human fat cells were incubated with 0.5 gmol/1 isoproterenol (ISO) for 5 min with or without the addition of 10 ~tmol/1 of the non-selective/3-blocking agents propranolol and timolol or the relatively selective/31-adrenoceptor blocking agent metoprolol. 2 mmol/l KCN was then added for another 5 rain followed by the addition of 0.13 nmol/1125I-insulin and the specific binding after 60 min was determined. The results are the means + SEM of two representative experiments (patient 3) was given an intravenous injection (5 mg) of the short-acting ill-blocking agent, practolol, during induction of anaesthesia. A subcutaneous biopsy was obtained from the abdominal wall during the surgery immediately after induction of anaesthesia. Insulin binding data were compared to those obtained with abdominal fat cells from 16 control patients who had cholelithiasis surgery. The patients and the control subjects were matched for both age and body mass index (Table 1) . Informed consent was obtained from the patients. The study was approved by the Ethical Committee of the University of Gothenburg.
Fat cells were isolated in medium 199 with collagenase (1.5 rag/ ml) and bovine albumin (4%, w/v) for 60 min at 37 ~ as described elsewhere [12] . After filtration through a nylon mesh (250 ~tm), the cells were gently washed four times in fresh medium. Insulin binding was performed essentially as described by Gammeltoft and Gliemann [13] . Briefly, cells constituting an approximate volume fraction of 5% were incubated at 37 ~ and pH 7.4 for 60 rain in medium 199 in the presence of 4% bovine albumin and monocomponent a25I-insulin (0.13 nmol/1, specific activity about 190 ~tCi/~tg). Glucose was present at 5.6 mmol/l to maintain the cellular ATP levels in the presence of catecholamine [101, and bacitracin (1 mg/ml) was added to minimize proteolysis. After the appropriate incubation period, cells and medium were separated by centrifugation through silicone oil. Nonspecific binding was corrected by subtracting the binding obtained in the presence of 7 gmol/1 unlabelled insulin. For recently discussed reasons [141 no attempt was made to calculate the absolute number of insulin receptors. Reduced binding with a Scatchard plot parallel to that of the control group and unchanged apparent Ko, calculated as the concentration of unlabelled insulin required to obtain half-maximal tracer binding, was considered to be due to a reduced receptor number. The method used to determine the urinary adrenaline and noradrenaline excretion was a modification of the method described by yon Euler and Lishajko [15] . VMA was assayed according to the method of Wisser and Stamm [16] . The normal reference intervals for the laboratory are given in Table 1 .
Materials
Glucagon-poor insulin was generously supplied by Eli Lilly and Co. (Indianapolis, Ind., USA). Medium 199 was obtained from Statens Bakteriologiska Laboratorium (Stockholm, Sweden). Collagenase (type I), propranolol, timolol, isoproterenol and bovine albumin were from Sigma Chemical Co. (St. Louis, Mo., USA). D-propranolol and metoprolol were kindly provided by Dr. B. Ablad, AB Hassle, Gothenburg, Sweden. ~25I-monocomponent insulin was a generous gift from Dr. S. Ivarsson, Malmr, Sweden and adenosine deaminase was obtained from Boehringer Mannheim, FRG. 
Statistics
Statistical significance was tested with the paired or non-paired Student's t-test. Correlation coefficients were calculated according to the least squares method and, where applicable, the Spearman correlation test (r~) was used.
Results
The effect of isoproterenol (10-6mol/1) on insulin binding to human fat cells is shown in Figure 1 a. Insulin binding was rapidly decreased and a new steady state established after about 30 min. However, when propranolol (10 -5 mol/1) was added to the incubation medium after a 40-min exposure to isoproterenol, insulin binding was fully restored within 20 min; the halfmaximal effect was reached after about 10 min. Propranolol had no effect on cells incubated in the absence of catecholamine nor did it change the non-specific binding (data not shown).
The specific insulin binding to cells preincubated with isoproterenol (10 -6) for 30 rain is shown in Figure lb. As seen in the Scatchard plots, isoproterenol reduced specific binding without producing any obvious change in receptor affinity. Also the apparent KD was similar in cells incubated in the presence or absence of isoproterenol (0.64___0.07 and 0.65_0.11nmol/1 respectively, means_ SEM). Thus, the reduced binding following isoproterenol exposure is mainly due to a decreased number of binding sites (-30% reduction). Cells incubated with I mmol/1 db cAMP also showed a similar reduction in insulin binding (not shown).
The dose-response relationship between the isoproterenol concentration and inhibition of 125I-insulin binding after 60 min is shown in Figure 1 c. Some of these incubations were performed in the presence of adenosine deaminase. The deaminase was included in order to eliminate the interaction of adenosine in the incubation medium. Adenosine is known to reduce the inhibitory effect of catecholamines on both insulin binding and glucose transport in rat fat cells [9] [10] [11] . The catecholamine concentration required for half-maximal inhibition of insulin binding was about 150 nmol/1. In the absence of the deaminase the dose-response curve for isoproterenol was shifted fivefold to the right.
An attempt was also made to more specifically study the catecholamine effect and to eliminate a potential interaction with insulin. Short-term preincubations were performed with isoproterenol alone, and insulin binding was measured after the cells had been treated with 2 mmol/1 KCN for 5 min. Several previous studies have shown that the membrane protein translocation processes are energy-dependent and are effectively stopped by respiratory inhibitors [17] [18] [19] .
The effect of pretreating the cells with isoproterenol (0.5 ~mol/1) for 5 min on insulin binding using this procedure is shown in Table 2 . When the catecholamine effect was unopposed by insulin, this short preincubation period with isoproterenol was sufficient to demonstrate a consistent reduction of insulin binding (~ 20%). This reduction was completely prevented by different fl-adrenoceptor antagonists. However, the inactive isomer, d-propranolol, was without effect. Taken together, these findings show that the effect of catecholamine on insulin binding is rapidly induced and exerted through fl-adrenoceptors.
Specific insulin binding to fat cells from patients with a phaeochromocytoma and their appropriately matched controls is shown in Figure 2 . A decreased binding was found in the patients with the catecholamine-producing tumour as compared to the controls (~ 30%). The decreased binding was again due to a reduction of the number of binding sites as the apparent KD was similar in both groups ( -0.87 nmol/1).
In two patients, sufficiently large adipose tissue samples were obtained to perform incubations with and without 20 p~mol/1 propranolol. However, propranolol was not able to increase the binding in these cells (data not shown).
The relationship between mean diurnal urinary catecholamine excretion and insulin binding to cells from patients with a phaeochromocytoma is shown in Figure 3 . A close, non-linear inverse relationship between catecholamine excretion and insulin binding is evident (rs = -0.886, p < 0.05). When the catecholamine excretion was transformed to a logarithmic scale, a linear negative correlation was found between this parameter and insulin binding (Figure 3 , inset; r=-0.821, p<0.05). No significant correlation was found in this group of patients between fasting blood glucose levels and urinary catecholamine excretion, nor between insulin binding and fasting glucose levels.
Discussion
This study demonstrates the effect of catecholamines on rapidly reducing the number of insulin binding sites in human cells. This finding is similar to recent results with rat adipocytes where catecholamines, via a fl-adrenergic mechanism, rapidly reduced insulin binding [6] [7] [8] .
A clear inhibitory effect by catecholamines was seen already after 5 min. This reduction was not due to pH changes in the medium or accumulation of metabolites like FFA since it was rapidly reversed by the addition of propranolol or other specific fl-adrenoceptor blocking agents to the same medium. In agreement with our previous results with rat adipocytes [6] , the decreased insulin binding was mainly due to an apparent reduction of the number of receptors. This finding is somewhat at variance with the results of Pessin et al. [7] and Kirsch et al. [8] , who attributed the decreased binding to affinity changes or a decreased number of high affinity sites. In a recent study with human adipocytes, Arner et al. [20] reported that high isoproterenol concentrations (6 ~mol/1) reduced the affinity of binding sites in the absence of glucose in the incubation medium. This effect was prevented by the addition of glucose to the incubation medium. Surprisingly, it was also reported that the effect of glucose was temperature-dependent [20] .
The reason for the different interpretations of the catecholamine effect is not clear. However, recent studies have shown the difficulties involved in separating affinity and number changes of recycling membrane proteins in conventional binding assays. In an interesting study, Wardzala et al. [19] showed that insulin increased the affinity of the IGF II binding sites in conventionally incubated fat cells. However, when the recycling processes were stopped by treating the ceils with KCN for 5 min after the preincubation period with insulin, an increased number of binding sites with an unchanged affinity was seen. The relevance of this latter effect was verified in fractionated cell preparations [19] .
The patients with a phaeochromocytoma were exposed to high catecholamine levels in vivo as demonstrated by the markedly elevated urinary catecholamine excretion. It should also be noted that blood glucose levels were reduced postoperatively in all patients but one, whose tumour was not radically operated since she had persistently high catecholamine excretion at a followup study 7 months later. Histological examination of the tumour from this patient showed tumour growth into the capsule, suggesting malignant development.
An inverse correlation could be demonstrated between insulin binding and the urinary catecholamine excretion in the phaeochromocytoma patients. This finding probably reflects a direct casual relationship as shown by the effect of catecholamines added in vitro to fat cells from normal subjects. The attenuation in insulin binding in the patients with a phaeochromocytoma ranged from a slight effect to a 62% reduction as compared to the appropriately matched control group. For the group as a whole, however, insulin binding was reduced ~ 30% due to the large variation in catecholamine secretion from the tumours.
The fact that insulin binding was still reduced in these patients, in spite of the relatively long isolation and preincubation period of the cells in buffer alone (around 90 min), shows the persistent effect of longterm catecholamine exposure. Similar findings were also seen in rat fat cells after several hours of exposure to catecholamines in vitro [6] . In order to further characterize the catecholamine effect after long-term exposure, insulin binding was studied in cells from two patients with a phaeochromocytoma with and without the addition of propranolol to the binding assay. Despite the addition of the beta-blocking agent, insulin binding did not increase in these patients (see Fig. 1 a for comparison) . Thus, it may well be that long-term fl-adrenergic stimulation, both in vitro and in vivo, leads to a longlasting reduction of insulin binding.
fl-adrenergic stimulation does not only reduce insulin binding and insulin-stimulated glucose transport, but it also reduced EGF and insulin-stimulated IGF II 905 binding [7, 21] . The reduction of glucose transport is, in part, due to an inhibition of the insulin-induced translocation of glucose transporters from the intracellular pool to the plasma membrane [10] . Taken together, these data show that the translocation of several membrane proteins in response to insulin is rapidly antagonized by fl-adrenergic stimulation and elevated cAMP levels. This makes it tempting to speculate that cAMP may play an important role in the cellular translocation processes. It is also well-recognized that both the insulin receptor and the EGF and IGF II receptors undergo autophosphorylation [22] [23] [24] . At present, it is unknown if the state of phosphorylation of the insulin receptor or other phosphoproteins influences the recycling process discussed above.
Insulin binding did not correlate with fasting blood glucose levels in the patients with a phaeochromocytoma. This is not surprising, however, since the effect of catecholamines on glucose levels in vivo is probably due to several actions such as an a-mediated inhibition of insulin secretion [25] , increased hepatic glucose production [26] and reduced peripheral insulin sensitivity and responsiveness [2, 3] . In this context, it should also be noted that insulin levels were similar before and after surgery. This was probably due to the treatment of the patients with a-blockade prior to the operation. Thus, the downregulation of insulin binding cannot be attributed to differences in ambient insulin levels.
In conclusion, the present study documents the importance of catecholamines for both acute and longterm regulation of insulin binding. Of particular importance was the finding that the magnitude of the catecholamine effect was concentration-dependent. In the phaeochromocytoma patients with the highest catecholamine excretion, insulin binding was reduced by 50-60%. Such a marked reduction in insulin binding may completely account for the pronounced rightward shift in the dose-response curve for the effect of insulin on peripheral glucose uptake that we have recently observed in healthy controls during catecholamine infusion [3] .
